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XanthosineApproximately 60,000 patients in the United States are waiting for a kidney transplant due to genetic,
immunologic and environmentally caused kidney failure. Adult human renal stem cells could offer
opportunities for autologous transplant and repair of damaged organs. Current data suggest that there are
multiple progenitor types in the kidney with distinct localizations. In the present study, we characterize cells
derived from human kidney papilla and show their capacity for tubulogenesis. In situ, nestin+ and CD133/1+
cells were found extensively intercalated between tubular epithelia in the loops of Henle of renal papilla, but
not of the cortex. Populations of primary cells from the renal cortex and renal papilla were isolated by
enzymatic digestion from human kidneys unsuited for transplant and immuno-enriched for CD133/1+ cells.
Isolated CD133/1+ papillary cells were positive for nestin, as well as several human embryonic stem cell
markers (SSEA4, Nanog, SOX2, and OCT4/POU5F1) and could be triggered to adopt tubular epithelial and
neuronal-like phenotypes. Isolated papillary cells exhibited morphologic plasticity upon modulation of
culture conditions and inhibition of asymmetric cell division. Labeled papillary cells readily associated with
cortical tubular epithelia in co-culture and 3-dimensional collagen gel cultures. Heterologous organ culture
demonstrated that CD133/1+ progenitors from the papilla and cortex became integrated into developing
kidney tubules. Tubular epithelia did not participate in tubulogenesis. Human renal papilla harbor cells with
the hallmarks of adult kidney stem/progenitor cells that can be ampliﬁed and phenotypically modulated in
culture while retaining the capacity to form new kidney tubules. This article is part of a Special Issue entitled:
Polycystic Kidney Disease.ensional; ADPKD, autosomal
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Many renal disorders, including common genetic diseases such as
autosomal dominant polycystic kidney disease, as well as acute and
chronic kidney disease, renal cell carcinoma, and glomerulonephritis,
can all lead to severe kidney damage or loss. Over 2 million patients
world-wide are currently estimated to suffer from end-stage renal
disease. Despite the advances in kidney transplantation, a signiﬁcant
shortage of donor organs severely limits treatment and requires many
patients to remain on dialysis for extended periods. The quest for
alternate organ restoration methods has resulted in rapid progression
of new approaches, such as therapeutic cloning and embryonic/adult
stem cell therapy over the past decade (reviewed in [1–5].
The pluripotency of embryonic stem cells presents one possible
avenue for the replacement of damaged kidney tissue. There are
several reports demonstrating the priming and programming of
embryonic stem cells to express renal cell lineage markers and their
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However, the functional incorporation of embryonic stem cells into
adult kidney tubules has not yet been described [4]. In addition, the
transplantation of embryonic stem cells includes numerous potential
complications including immune rejection, teratomas and other
cancers [5,12]. The problems associated with the use of embryonic
stem cells and the potential beneﬁts of autologous transplantation
motivate the characterization of adult renal stem cell populations.
Adult stem cells have been identiﬁed in numerous organs
including the adult brain, bone marrow, skin and gut, where they
can be recruited for organ repair after injury [13–15]. Adult stem cells
in kidney have only been identiﬁed in the last several years [5,16–18].
Progenitor-like cells involved in recovery from renal injury in an
animal model were ﬁrst identiﬁed in 2003 [19], and subsequently
populations of rodent adult kidney stem cells derived from rat and
mouse renal papilla were isolated and characterized [16]. Adult
rodent stem cells were identiﬁed in the interstitium and collecting
ducts of rat kidney papilla on the basis of their low cell division rate
using bromodeoxyuridine (BrdU) [16,20]. Proliferation of the BrdU
label-retaining cells was conﬁned to the upper papilla at the
medullary boundary and the cells were found to exhibit enhanced
proliferation andmigration into themedulla and cortex in response to
ischemic injury, supporting their involvement in organ repair [1,21].
Low abundance, CD133+ cells isolated from the cortex of human
kidneys were able to differentiate into proximal and distal tubular
epithelia, as well as endothelia in vitro [22]. The human cortical
CD133+ cells were shown to reconstitute renal tubules in SCID mice;
however, their regenerative capacity was limited to conditions of
renal injury. Another reported source for endogenous replacement of
damaged or lost renal tubular epithelia are surviving tubular epithelial
cells themselves [23]. Both glomerular and tubular epithelial cells can
regress to an embryonic mesenchymal phenotype and can either
stimulate the regenerative potential of neighboring surviving cells or
themselves replace the damaged cells [18,19,24–26]. A functional role
of these cells in organ repair is based on their ability to migrate,
proliferate and produce growth and trophic factors. Finally, although
the role of mesenchymal stem cells in renal regeneration has been
debated over the years, the use of a ‘relay culture’ system (a two-step
whole embryo followed by organ culture procedure) enabled bone
marrow derived mesenchymal cells to participate in kidney organo-
genesis [27–29]. A resident population of mesenchymal cells lacking
CD133 in the Bowman′s capsule is responsible for endothelial and
podocyte regeneration [20,26]. Thus, adult renal stem cells exhibit the
capacity to give rise to multiple cell types and represent a critical ﬁrst
step in developing tissue replacement strategies. Nevertheless, there
still remain numerous open questions regarding the characteristics
that deﬁne such adult renal stem cells in humans. In particular, a more
comprehensive characterization of stem cell niches in human kidney,
an analysis of the phenotypic markers expressed by stem cells from
different regions of the kidney and an accounting of their precise
differentiation potential are still needed.
In the present study we have undertaken a comparative analysis of
CD133/1+ cells in the human kidney papilla versus the cortex. We
identify a unique dually CD133+ and nestin+ renal progenitor
population that also expresses numerous embryonic stem cell
markers embedded in the papillary loops of Henle. The CD133/1+
papillary cells exhibit signiﬁcant plasticity in culture and are
functionally distinct from tubular epithelia in their ability to integrate
into developing kidney tubules.
2. Materials and methods
2.1. Isolation and culture of human kidney cells
Tissue considered unsuitable for transplant was obtained through
the National Disease Research Interchange (NDRI) and the protocol isjudged exempt by the institutional HRRC. Cortical and normal tubular
epithelial cells from the renal cortex were isolated by bisecting the
kidney cutting pieces of cortex into 1 mm cubes and performing
enzymatic digestion (collagenase, hyaluronidase, DNase l, soybean
trypsin inhibitor cocktail in DMEM/F-12 media for 1 h at 37 °C with
regular vortexing) as previously described [30,31]. The average cell
yield we aimed for was 5-T75 cm2 ﬂasks, but one can be as high as 10-
T125 cm2 ﬂasks if the complete cortex is carefully dissected. After
several days in culture, dead cells were removed and new medium
was added. The isolated cell mixture was used for puriﬁcation of
CD133+ cells or snap frozen. Cortical tubular epithelial cells were
enriched after one passage and were routinely cultured in REGM
containing low serum, 10 ng/ml epidermal growth factor, 1 ml/
l epinephrine, 5 mg/ml insulin, 6.5 pg/ml triiodothyronine, and
10 mg/ml transferrin or DMEM/F12 containing 10% FBS for up to 4
passages.
Renal papillary cells were isolated from three different human
kidneys from anonymous donors through the NDRI, designated
(59M04, 67F05, 42M06) and found to give consistent results in the
assays. Cells were obtained by bisecting the kidney and scooping out
the renal papilla. Papillary cells were disaggregated using a cocktail of
enzymes (including collagenase, hyaluronidase, DNase I, soybean
trypsin inhibitor) in DME/F12 medium. Digestion was performed at
37 °C for 60 min with vigorous intermittent vortexing. Following
digestion, the cells were collected by centrifugation and resuspended
in Renal Epithelial Cell Growth Medium (REGM CC-3191; Clonetics,
Lonza Walkersville, MD) containing low serum, and 10 ng/ml
epidermal growth factor, 1 ml/l epinephrine, 5 mg/ml insulin,
6.5 pg/ml triiodothyronine, and 10 mg/ml transferrin. One conﬂuent
T 25 cm2 ﬂask of cells was routinely obtained from the ﬁrst plating.
The cells were expanded or directly frozen and stored. We did not
observe a loss in cell viability or differentiation potential caused by
freeze thawing. The cells were readily cultured in excess of the 4
passages that is normally the in vitro limit for cortical tubular
epithelial cells.
Individual frozen aliquots of these cells were thawed, used for
further puriﬁcation of CD133/1+ cells and cultured under various
conditions to study phenotypic properties. For phenotypic plasticity
experiments, papillary cells were cultured in REGM with the above
supplements or in DMEM/F12 with or without 10% fetal calf serum in
2D cell culture conditions, on plastic (solid) or 0.4 μm pore ﬁlter
(permeable) supports (Falcon Becton-Dickinson) or in 3D collagen gel
culture. Epidermal growth factor was added at 20 ng/ml to serum-free
medium. Immortalized human renal cortical tubular epithelial cells
(RCTE) were cultured as described [32].2.2. Colony formation assay with xanthosine and cytotoxicity
measurements
To promote clonal expansion through suppression of asymmetric
cell division [33,34], cells were plated at 100 cells per well of a 6-well
plate and cultured in normal growth medium supplemented with 0,
200 or 400 μM xanthosine. After 1 week cells were ﬁxed and stained
with crystal violet to reveal colonies of cells.
For cytotoxicity measurements, primary cortical epithelia and
renal papillary cells were plated at 0.5 × 104 cells per well (96-well
plate) and allowed to adhere overnight. The following day the media
was removed and replaced with fresh media containing xanthosine
(200 or 400 μM) or no drug. After 48 h the samples were analyzed for
lactate dehydrogenase (LDH) release (Roche #04744926001). As a
control, cells grown under identical conditions were lysed to
determine the total LDH in the sample. LDH release was measured
colorimetrically at absorbance of 490 nm. Samples from three
different patients (42M06, 59M04 and 67F05) were used and all
samples were treated and assayed in triplicate.
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To purify the isolated cortical and papillary cells, CD133/1+ cells
were enriched by positive selection using magnetic cell separation
methods under sterile conditions. To do so, cells from one T75 cm2
ﬂask were released using cold PBS containing 5 mM EDTA and passed
through a 30 μm nylon mesh to obtain single cell suspension. Cells
were washed with PBS, collected by low speed centrifugation and
resuspended in 300 μl PBS containing 0.5% BSA and 2 mM EDTA for
108 cells. An FcR blocking solution (100 μl) was added to the cells to
reduce non-speciﬁc binding to the beads. Chilled cells in blocking
solution were then incubated on ice with 100 μl AC133-coated
magnetic microbeads from Miltenyi Biotech (130-050-801) for
30 min in a refrigerator without mixing. Note: the CD133/1 epitope
recognized by AC133mAb is unique to stem cells and present on renal
progenitors [35–37]. Cell-microbead mixture was washed with 1–
2 ml buffer and collected by centrifugation at 300g for 10 min. The
supernatant was removed and cell microbead mix resuspended in
500 μl PBS containing 0.5% BSA and 2 mM EDTA. Microbead-coated
cells were separated from unlabeled cells by sequential passage over
two MACS® magnetic columns as per manufacturer′s instructions.
After the second magnetic column puriﬁcation, the labeled bound
cells were released by removing the column from the magnet, rinsing
and collecting cells by centrifugation. The papillary samples contained
an obvious cell pellet, while the cortical sample pellet was not visible,
though cells were present. This observation is consistent with the
reported low abundance of CD133+ cells in the human kidney cortex
and in glomeruli [22,38]. The magnetic beads are degradable and non-
toxic. Therefore, the isolated cells were directly cultured in REGM
following isolation and subsequently frozen. The purity of the cells
following isolation was conﬁrmed by co-immunostaining for both
nestin (using rabbit pAb from Chemicon) and CD133 (using mAb
CD133/2-PE from Miltenyi Biotec).
2.4. Quantitative real time polymerase chain reaction (PCR)
Primary cortical epithelia and papillary cells (initial isolates) from
three separate human kidneys (42M06, 59M04, 67F05) were cultured
to near conﬂuence in T75 cm2 ﬂasks. Puriﬁed CD133/1+ papillary
cells from one patient (42M06) were similarly cultured. RNA was
puriﬁed using AllPrep DNA/RNA/protein puriﬁcation kit according to
manufacturer′s instructions (Qiagen Valencia, CA). Quality controls
were performed with Nanodrop spectrophotometer and Agilent
Bioanalyzer. Taqman primers from Life Technologies Applied Biosys-
tems (Foster City, CA) were purchased and used to measure gene
expression (Nanog: Hs02387400_g1; SOX2/SRY-box-2: Hs01053049_
s1; OCT4/POU5F1: Hs00999632_gH; GAPDH: Hs03929097_g1; PP1A:
Hs99999904_m1). Quantitative real time PCR assays were conducted
in 384 well plates, for a maximum of 40 cycles. Ct values for all genes
were normalized to GAPDH Ct values of the same RNA sample.
Average GAPDH Ct values for each RNA sample were used to derive a
scaling factor for normalization of the results derived from individual
RNA samples. Fold change in papillary gene expression for each
patient sample was calculated as a function of the gene expression in
cortical epithelia of the corresponding patient. Statistical signiﬁcance
was evaluated using unpaired or independent, on-tailed T-test.
2.5. 3D collagen gel culture
Primary kidney epithelial cells from the cortex and CFDA-labeled
papillary cells were mixed with collagen I gel (prepared according to
manufacturer′s instructions, Chemicon, Temecula, CA) either individ-
ually or asmixed populations and plated in 24-well cell culture dishes.
After 10 days of collagen gel culture, samples were processed for
immunoﬂuorescence staining.2.6. Co-culture with rodent neural stem cells
Puriﬁed CD133/1+ renal papillary cells were co-cultured with
neural stem/progenitor cells (NSPCs) from E14 mouse telencephalon
of the C57BL/6-TgN (ACTbEGFP) strain (The Jackson Laboratory),
which express EGFP under a β-actin promoter [39]. Renal papillary
cells or cortical tubular epithelia were plated on porous cell culture
inserts (0.4 μm pores) and NSPCs were plated in the culture well
beneath the ﬁlter (see Fig. 2A, cartoon). EGFP-expressing NSPCs were
thus easily distinguished from human kidney cells, which allowed a
visual control in the event of any contamination between the co-
cultured cell types. Cultures were grown in serum-free neural stem
cell medium supplemented with 10 ng/ml EGF and 10 ng/ml bFGF
(see detailed medium composition in [39]), in the presence or
absence of NSPCs. Following 3–4 days, renal papillary cells, but not the
epithelia were observed to dramatically change their shape and
formed clusters of cells that could be observed by light microscopy.
For analysis the cells on ﬁlters were ﬁxed and immunostained for
β-catenin, CD133 and nestin and imaged by ﬂuorescence or confocal
microscopy.
2.7. Metanephric organ culture
Care and euthanasia of mice conformed to Institutional Animal
Care Guidelines. Pregnancy was dated using presence of vaginal plug
as embryonic day (E) 0.5. Embryonic mouse kidney rudiments micro-
dissected at day E12.5 post-fertilization were cultured on clear
Transwell ﬁlters (0.4 μm pores), ﬂoating on DMEM/Ham′s F12
medium supplemented with 10% FBS, 2 mM L-glutamine, 1 μM
dexamethasone, and antibiotics. Culture rudiments were incubated
at 37 °C in a humidiﬁed, 5% CO2/95% ambient air atmosphere for 72 h
with media changes every 24 h. Timed pregnant FVB mice from
Charles River were sacriﬁced on E12.5. Isolated metanephric organs
consisting of both ureteric bud and undifferentiated mesenchyme
were placed in a well of a 24-well plate containing culture media on
ice until all kidneys were ready for injection. CD133/1+ cells isolated
from both the human renal cortex and papilla and non-puriﬁed
human renal cortical cells were labeled with CFDA and injected into
day E12.5 embryonic mouse kidneys using capillary pipettes with
40 μm tips (1500 cells per injection site/three injection sites per
kidney). Sham injections were performed to analyze metanephric
organ integrity. After 3 days in culture kidneys were ﬁxed with 4%
paraformaldehyde and stained with rhodamine-labeled peanut
agglutinin to identify kidney tubules (Vector Laboratories, Burlin-
game, CA) overnight at 4 °C in 1% BSA, 1% Triton-X 100 in 1× PBS. The
human origin of cells was conﬁrmed by anti-human HLA class I and
anti-human CD133 staining (rabbit pAb). Images were collected using
an Olympus FV1000 microscopy customized for two-photon micros-
copy, with a 60X, NA 1.2 water immersion objective (Indiana Center
for Biological Microscopy, Indianapolis, IN) or a Zeiss LSM-510 Meta
Confocal/Multiphoton Microscope. Images were rendered using
Voxx2 (Indiana Center for Biological Microscopy, Indianapolis, IN)
[40].
2.8. Immunoﬂuorescence staining and quantiﬁcation
Cells grown on glass coverslips or ﬁlters were immunostained as
described [31,41]. Fluorescent lectins for identifying tubule segments
were as follows: Dolichos biﬂorus (DBA) to identify distal and
collecting duct and Arachis hypogaea/peanut agglutinin lectin (PNA)
to label distal convoluted tubule and intercalated cells of the
collecting duct [42,43]. Antibodies used were as follows: CD133
(rabbit pAb ab16518, Abcam Ltd., Cambridge, MA; Miltenyi Biotec
mouse mAb AC133 and 293 C3 recognizing the CD133/1 and CD133/2
epitopes, respectively); nestin (mouse mAb, BD Biosciences, San Jose,
CA; rabbit pAb, Chemicon/Millipore, Billerica, MA); beta III tubulin
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PA); β-catenin (mouse mAb Transduction Laboratories/BD Bios-
ciences, Lexington, KY), N-cadherin (mouse mAb from Transduction
Laboratories/BD Biosciences; rabbit pAb from Calbiochem, La Jolla,
CA) and E-cadherin (mouse mAb from Transduction Laboratories/BD
Biosciences; rabbit pAb Santa Cruz, Santa Cruz, CA); pan-cadherin
(mouse mAb, Sigma Chemical Co., St. Louis, MO; rabbit pAb Cell
Signaling, Danvers, MA); occludin (rabbit pAb, Zymed-Invitrogen,
Carlsbad, CA); Tamm–Horsfall antigen (rabbit pAb, Biomedical
Technologies, Inc., Stoughton, MA); human embryonic stem cell
markers SSEA4, TRA1-60, TRA-1-81, OCT4A, SOX2, and Nanog
(StemliteTM Pluripotency Kit, Cell Signaling Technology, Danvers,
MA). All ﬂuorescent secondary antibodies were from Jackson
ImmunoResearch Laboratories (West Grove, PA).
For co-culture experiments, isolated papillary cells were loaded
with green ﬂuorescent 5-(and-6)-carboxyﬂuorescein diacetate
(CFDA, Molecular Probes–Invitrogen, Carlsbad, CA) and then mixed
with cortical kidney epithelial cells. After 3 days in culture, the cells
were stained on ice with monomeric perfringolysin O (binds
cholesterol [44,45]) to outline all cell membranes and subsequently
ﬁxed.
Collagen gel cultures were washed with PBS to remove growth
medium and ﬁxed with 3% paraformaldehyde and processed for
immunoﬂuorescence as previously described [46].
Tissue samples for immunostaining were isolated from the kidney
cortex, medulla and papilla, snap frozen in OCT and cryosectioned
(70 nm). Cryosections (0.5–2 μm thick) were ﬁxed and immuno-
stained as described [41].
All images were acquired on a Zeiss LSM 510 confocal microscope
housed in the UNM Fluorescence Microscopy Shared Resource.
Quantiﬁcation of staining was performed on z-stacks taken at
0.35 μm intervals using Image J software.
2.9. Light and electron microscopy of human kidney tissue sections
Samples for electron microscopy were isolated from human
kidney cortex, medulla and papilla (kidneys received from NDRI)
and processed for Epon embedment according to standard procedures
and examined on a Hitachi electron microscope at 80 kV and images
acquired using a 1 megapixel digital camera.
A thin slice from the normal pole of a surgically removed human
kidney was immersion ﬁxed with 4% paraformaldehyde in phosphate
buffer, cryoprotected in 2.3 M sucrose and frozenwith liquid nitrogen.
Semi-thin sections, 0.5–2 μm (Ultracut UCT with the FCS cryo-
attachment, Leica, Bannockburn, Il) were collected onto glass slides
for immunogold labeling followed by silver enhancement. Sections on
the glass slides were rinsed with TBS, then incubated in glycine to
remove aldehydes for 15 min, rinsed, then blocked for 1 h (5% BSA,
0.1% cold water ﬁsh gelatin in TBS), rinsed again, then the primary
antibody (CD-133/1, 1:50) for 1 h at room temperature. The sections
were thoroughly rinsed prior to labeling with the secondary antibody
conjugated to 10 nm colloidal gold (Goat anti rabbit 1:40, Aurion,
Hatﬁeld, PA) for 1 h at room temperature. The sections were then
silver enhanced (Aurion, Hatﬁeld, PA) for 25 min and viewed with a
light microscope.
3. Results
3.1. Cells expressing stem cell markers are intercalated between tubular
epithelia exclusively in loop of Henle segments deep within renal papilla
We assessed two stem cell markers, CD133/1 and nestin, which are
both associated with developing kidney to identify and localize stem
cells within the human renal papilla and cortex. CD133 (prominin-1)
was originally identiﬁed in neuroepithelial stem cells as a pentaspan-
ning, cell surface glycoprotein [47]. CD133 functions in plasmamembrane protrusion and membrane domain organization required
for cell differentiation [48], but it is its association (particularly of the
CD133/1 glycosylation epitope) with primitive hematopoietic stem
and developing epithelium that has prompted its wide use to identify
stem/progenitor cell populations. In the kidney CD133+ cells have
been isolated from rodent papilla, human kidney cortex and glomeruli
[16,22,38]. Nestin is an intermediate ﬁlament protein that is
frequently co-expressed with CD133 and is a hallmark of normal
and cancer stem cells of diverse lineages [49–53]. During kidney
development, nestin is prominent in endothelial precursors and
mesonephric mesenchyme, which gives rise to tubular epithelia, but
in adult kidney expression is reported to be conﬁned to podocytes
[49,54]. We therefore stained human tissue sections taken from
various parts of the kidney, including the cortex, medulla and papilla,
for both nestin and CD133 (N.B.). We have taken care to test multiple
CD133 antibodies throughout our study, in consideration of reports
that CD133/1 and CD133/2 epitopes are preferentially expressed in
progenitor cells [35,37]).
Staining for β-catenin, Tamm–Horsfall antigen and various lectins
served as markers to discern the identity of individual tubule
segments. Strikingly, cells expressing both nestin and CD133/1 were
signiﬁcantly enriched in the papillary loops of Henle (identiﬁed by the
presence of Tamm–Horsfall antigen), while the cortical andmedullary
loops of Henle and tubules were devoid of such CD133+ and nestin+
cells (Fig. 1A). Detailed analysis using Hoechst staining to identify
nuclei and confocal x–z and stacked x–y images showed the staining
was associated with small cells that were fully integrated between the
tubular epithelia (Fig. 1B). These data suggest that the papilla may
serve as a reservoir for cells expressing the stem cell markers nestin
and CD133/1.
3.2. Unique cell type embedded within papillary renal tubules revealed
by ultrastructural analysis
The morphological integrity of the kidney regions (cortex, and
medulla and into the papilla) showed good preservation without
evidence of any pathology in the normal kidneys used for further
study (Fig. 1C, top four panels). Thin cryosections from these regions
were immunogold-stained (with silver enhancement) for nestin and
compared to control antibody labeled sections. Shown are nestin+
kidney tubule epithelia in the papilla, especially thin tubules, while
vasa recta endothelia were negative (Fig. 1C, papilla nestin). The
nestin label is seen throughout the cytoplasm and counterstained
nuclei are only weakly evident. In a parallel sample labeled with a
control antibody, only the counterstained nuclei were evident (Fig. 1C,
papilla control). In the renal cortex, tubules were devoid of nestin, in
contrast to nestin+ glomeruli (Fig. 1C, bottom panel). Nestin
expression in glomeruli is in agreement with previous reports
[54–56].
Electron microscopic analysis of Epon embedded kidney tissue
identiﬁed a population of morphologically distinct cells with a large
nucleus and a thin rim of cytoplasm (Fig. 1D, right panel marked with
asterisks). Based on the facts that the cells have fewmicrovilli, are not
especially cuboidal and exhibit a highly interdigitated association
with the underlying matrix, they appear to be distinct from collecting
duct. These cells were not seen in cortical tubules (Fig. 1D, left panel).
3.3. Isolation of human kidney cells from papilla with the hallmarks of
renal progenitor cells
Human primary papillary cells were immunopuriﬁed using
magnetic beads coated with AC133 mAb that is speciﬁc for progenitor
cells expressing the CD133/1 epitope [35–37]. The immunopuriﬁed
cells were analyzed for the expression of further stem cell markers by
quantitative real time PCR and immunostaining.
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Fig. 2. Stem cell markers are enriched in CD133/1+ cells puriﬁed from the renal papilla.
RNAwas prepared from three different patients inmatched sets of cortical epithelia and
mixed population papillary cells (42M06, 59M04, 67F05). For comparison, RNA was
also from puriﬁed CD133/1+ cells isolated from 42M06. Quantitative real time PCR was
performed using Taqman primers (Applied Biosystems) to measure gene expression.
Plotted are the mean fold changes in gene expression±SEM comparing papillary cells
to cortical epithelia. All values were normalized to GAPDH expression. Protein
phosphatase 1A (PP1A) serves as an independent control for consistency of
housekeeping gene expression across samples. n=3. (A) Mixed papillary cells show
1.5-fold greater expression of Nanog and SOX2 over cortical epithelia. Asterisks (**)
indicate statistically signiﬁcant differences based on independent, one tailed T-test
comparison of stem cell markers vs. PP1A housekeeping gene expression: Nanog
p=0.07; OCT4/POU5F1 p=0.03; SOX2 p=0.12. (B) CD133+ cells show signiﬁcant
enrichment in Nanog and SOX2 gene expression, but not of OCT4 relative to initial
papillary fraction. Asterisks (**) indicate statistically signiﬁcant differences based on
unpaired, one tailed T-test comparison of each stem cell marker in crude papillary cells
vs. same marker in puriﬁed CD133/1+ papillary cells from single patient: Nanog
p=0.002, OCT4/POU5F1 p=0.289, SOX2 p=0.0003, PP1A p=0.313.
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patients were analyzed for the expression of embryonic stem cell
transcription factors (Nanog, SOX2/SRY-box-2, and OCT4/POU5F1)
that are frequently used as measures of pluripotency and also shown
to be associated with adult mesenchymal stem cells [57–61]. Nanog
and OCT4 exhibited increased expression in papillary cell fractions
(non-puriﬁed) that were statistically signiﬁcantly different from the
expression in cortical epithelia and the housekeeping gene protein
phosphatase 1A (PP1A) (Fig. 2A). Nanog and SOX2 were signiﬁcantly
co-puriﬁed in cells selected for CD133/1+ relative to the non-puriﬁed
papillary fraction from the same patient (Fig. 2B).
Immunostaining of the CD133/1+ papillary cells revealed nestin
ﬁlaments throughout the cytoplasm (Fig. 3). CD133 was absent in
immortalized RCTE cells even at subconﬂuence, though nestin
showed a speciﬁc localization to centrosomes in these proliferating
epithelia. The centrosomal localization of nestin will be interesting to
follow-up in light of the facts that intermediate ﬁlament proteins are
intimately associated with microtubules, BBS proteins are associated
with ciliopathies and centrosomes, and together with centrosomes
may play a role in the development of cell polarity and ciliopathies
[62–67]. The immunopuriﬁed papillary cells robustly expressed Stage
Speciﬁc Embryonic Antigen-4 (SSEA4), a human plasma membrane
glycosphingolipid [68], which could not be detected in renal tubular
epithelial cells used as a differentiated cell type control (RCTE)
(Fig. 3). Two other embryonic stem cell surface markers, TRA-1-81
and TRA-1-60, which are expressed in fetal and adult kidneywere also
analyzed [69,70]. TRA-1-81 was expressed only on occasional puriﬁed
CD133/1+ and unsorted papillary cells, but not in RCTE cells (Fig. 3).
TRA1-60 was observed on a small subset of both papillary cells and
differentiated RCTE cells (Fig. 3). The data are consistent with a recent
report showing that in adult kidney Tra-1-60 is most abundant in thin
limb of the loop of Henle and papillary collecting ducts [70]. Lectin
staining of papillary cells found them negative for PNA and b9%
positive for DBA. Because the CD133/1+ papillary cells were nearly all
positive for nestin (expression restricted to metanephric mesen-
chyme [54]), and only occasional cells were Tra-1-60 positive, it is
likely that the cells are of mesenchymal rather than of collecting duct/
ureteric bud origin.
The in vitro growth properties and plasticity of the isolated cells
were also examined. The isolated cells developed an immature
epithelial-like phenotype and their shape was similar to the shape
of primary human kidney epithelial cells when cultured for 3–4 days
on plastic dishes with serum (Fig. 4, + serum). The cells lacked tight
junctions (no occludin at the lateral membranes), but formed
adherens junctions composed of themesenchymal adhesionmolecule
N-cadherin seen weakly at the lateral membranes with β-catenin.
Based on the strong staining of the cell membranes with a pan-
cadherin antibody, there is most likely another cadherin that
contributes to papillary cell–cell adhesion. Staining for cadherin-6
(K-cadherin) and adhesion molecule N-cam did not detect either
protein at the cell–cell adherens junctions, suggesting these cadherins
are not involved in papillary cell adhesion (not shown). The cells
remained slightly positive for the neural stem cell marker nestin
(Fig. 4, + serum), though its expression was highly sensitive to
changes in culture conditions. Overall the traits of the renal papillary
cells are quite distinct from those we have described for matureFig. 1. Cells expressing stem cell markers are intercalated between tubular epithelia exclusive
medulla and papilla derived from a normal human kidney were ﬁxed and immunostained f
speciﬁc for Tamm–Horsfall (red) and nestin (green). (Lower panel) Samples labeled with ant
(B) Cryosections from human kidney papilla were ﬁxed and immunostained for Hoechst, ne
0.4 μm intervals and the composite projections viewed in the x–y and x–z directions are sh
cryosectioned and methylene blue labeled (top four panels) to evaluate morphology or im
panels). Papillary section immunogold labeled for nestin (papilla nestin) shows strong stai
labeled with a control antibody, wherein only counterstained nuclei are evident. Bottom pa
nestin, while glomerulus in top half of panel is distinctly positive. Magniﬁcation, 20×. Scal
identify a morphologically distinct cell type (*) in papillary tubules (right) that is absent frprimary human renal tubular epithelial cells, which robustly express
E-cadherin and tight junctions [31,41]. Characterization of the cortical
epithelia from the patients used in the present study by lectin staining
showed 25% were of distal tubule and collecting duct origin, while the
majority were of proximal tubule origin in agreement with our
previous work [71,72].
The phenotype of rodent papillary cells was sensitive to the
content of serum or growth factors in the media. Similar to cells
isolated from rodent papilla [16], the human papillary cells exhibited
dramatic changes in cell shape when grown in serum-free medium.ly in loop of Henle segments deepwithin renal papilla. (A) Cryosections from the cortex,
or markers as indicated on each panel. (Upper panel) Samples labeled with antibodies
ibodies speciﬁc for CD133 (red), nestin (green), and β-catenin (blue). Scale bars, 20 μm.
stin, and Tamm–Horsfall or β-catenin, nestin, and CD133. A single tubule was imaged at
own. Scale bars, 20 μm. (C) Human kidney samples from distinct kidney regions were
munogold labeled with silver enhancement (middle papilla control and papilla nestin
ning on collecting duct, thin tubules and blood vessels. The papilla control section was
nel shows cortical section immunostained for nestin, circles demark tubules devoid of
e bars, 25 μm. (D) Ultrastructural analyses of Epon embedded human kidney samples
om cortical tubules (left). Magniﬁcation, 3000–3500×. Scale bars, 2 μm.
Fig. 3. Puriﬁed CD133/1+ cells isolated from human kidney papilla express mesenchymal and embryonic stem cell markers. Renal CD133/1+ papillary cells and immortalized renal
tubular epithelia (RCTE) grown on glass coverslips for 24 h were ﬁxed and immunostained for CD133/1, nestin, SSEA4, TRA-1-60 and TRA-1-81 (all in green). Rhodamine phalloidin
(red) staining was used as a general marker to identify all cells in the cultures. Scale bars 20 μm.
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Fig. 4. Papillary cells exhibit phenotypic plasticity upon modulation of culture conditions. Human papillary cells were grown on glass coverslips for 3–4 days in the presence (+) or
absence (−) of serum or in serum-free medium+EGF as indicated. Fixed cells were immunostained with antibodies against cell junction proteins (adherens junctions: E-cadherin,
N-cadherin, pan-cadherin and β-catenin; tight junctions: occludin), the neural stem cell marker nestin, or beta III tubulin, a speciﬁc marker for immature neurons. Scale bars, 20 μm.
1351H.H. Ward et al. / Biochimica et Biophysica Acta 1812 (2011) 1344–1357Following 3–4 days in serum-free media the cells became highly
elongated and spindle-shaped (Fig. 4,− serum). The expression of N-
cadherin decreased, whereas expression of nestin increased and the
cells developed a neuronal-like shape. Nestin expression was highest
when cells were less differentiated in serum-free medium and
decreased with time in culture or in the presence of serum. When
grown in serum-free medium supplemented with EGF the cells
became positive for beta III tubulin (speciﬁc marker for immature
neurons) and appeared to ‘synapse’ with each other (Fig. 4, −
serum/+ EGF).
Human papillary cells were also cultured on ﬁlters in the presence
of diffusible factors produced by rodent neural stem/progenitor cells
(NSPCs) present in the well under the ﬁlters but not in direct contact
with the human papillary cells (Fig. 5A, cartoon). In the presence of
EGFP-NSPCs, the papillary cells formed spheroid structures that were
positive for intracellular β-catenin, plasma membrane localized
CD133 and intracellular nestin in the core of the spheres (Fig. 5A,top row). Cortical tubular epithelia cultured in the presence of the
NSPCs, on the other hand, did not undergo these dramatic shape
changes and expressed β-catenin at the lateral membranes and
intracellularly (Fig. 5A, bottom row, left two panels). Withdrawal of
NSPCs, by transfer of the ﬁlters with the papillary cell spheroids to
culture plates containing kidney cell growth medium alone, resulted
in a reversal of cell phenotype to a ﬂattened and disperse morphology
within just 24 h (Fig. 5A, bottom row, boxed panels). Analogous shape
changes, as well as the formation of aggregates/spheres were
described for the rodent papillary cells under serum-free
conditions [16].
Hepatic stem cells have been reported to undergo clonal expansion
upon suppression of asymmetric division with xanthosine in vitro [33]
and label-retaining mammary stem cells in vivo were found to
undergo proliferation and expansion upon xanthosine treatment in
vivo [34]. Therefore, we tested the response of renal papillary cells and
cortical tubular epithelia to culture in the presence of varying doses of
1352 H.H. Ward et al. / Biochimica et Biophysica Acta 1812 (2011) 1344–1357
1353H.H. Ward et al. / Biochimica et Biophysica Acta 1812 (2011) 1344–1357xanthosine. Cells were plated under conditions to detect clonal
expansion of single cells as described in 1.2.1 and colonies were
detected by crystal violet and cells in the colonies imaged using light
microscopy (Supplemental Fig. A.1). Papillary cells responded
positively to increasing doses of xanthosine up to 400 μM with
increasing numbers of colonies formed. In contrast tubular epithelia
readily formed colonies in the absence of xanthosine and colony
formation decreased precipitously in the presence of 400 μM
xanthosine. Examination of the papillary cell morphology showed
the proliferation and expansion of loosely associated cells in the
presence of increasing doses of xanthosine. Tubular epithelia on the
other hand lost cell–cell contacts, stopped dividing became larger,
ﬂattened and vacuolated and appeared on the verge of cell death in
400 μM xanthosine. Xanthosine was not cytotoxic to either papillary
or cortical epithelia from three different patients based on a lactate
dehydrogenase release assay and 48 h of treatment (Supplemental
Fig. A.1 graph).
The cumulative data suggest that human renal papilla harbor cells
with adult renal stem cell-like properties in terms of stem cell marker
expression and morphologic plasticity that is modulated by culture
conditions.3.4. Papillary cells form close contacts with cortical tubular epithelia and
participate in in vitro renal tubulogenesis in 3D collagen gel co-cultures
The potential for interactions between cells from kidney papilla
and normal cortical kidney epithelial cells was also evaluated. The
isolated papillary cells were ﬁrst loaded with green ﬂuorescent dye
(CFDA) and then co-cultured with cortical kidney epithelial cells
(primarily of proximal tubule origin based on lectin staining) on
plastic dishes or in three-dimensional (3D) collagen gel cultures
(Fig. 5B–D). After 3 days on plastic dishes, all cells were visualized
with monomeric perfringolysin O (binds cholesterol) to outline cell
membranes (Fig. 5B). Papillary cells were consistently seen incorpo-
rated within mixed population cell monolayers and made contacts
with the cortical epithelial cells irrespective of whether the cells were
derived from the same patient as the papillary cells or from a different
patient.
The ﬁnal outcome of complex events associated with cell
differentiation is a functional three-dimensional organization of
cells into structures and organs. Extracellular matrix gels used in 3D
cultures provide a model that mimics the “in vivo” environment in
which cells grow and differentiate. Epithelial cells plated in collagen
gels migrate, proliferate, differentiate and eventually form hollow
spheres [73]. Primary kidney epithelial cells from the cortex and cells
isolated from human papilla were grown individually or co-cultured
in 3D collagen I gels (Fig. 5C and D). Even after 10 days in collagen
gels, human papillary cells remained as aggregates of loosely attached
round cells, positive for nestin and intracellular β-catenin when
cultured alone (Fig. 5C). But when co-cultured with primary kidney
epithelial cells, CFDA-labeled papillary cells readily incorporated into
hollow spheres with budding tubules and intact adherens junctions
shown by the honey-comb-like β-catenin staining of epithelia in the
structure (Fig. 5D and Supplemental movie 1).Fig. 5. Human papillary cells associate with cortical tubular epithelia and undergo signiﬁcan
presence or absence of GFP-neural stem/progenitor cells for 3–4 days, in deﬁned serum-free n
papillary cells cultured on ﬁlters above GFP-neural progenitors: DIC image of spheroids, β
nestin (green, single slice) stained spheroids. Bottom row left two panels show primary nor
DIC image, β-catenin (green). Nuclei stained with Hoechst are in blue. DIC images within
cultures are transferred to wells lacking neural stem cells for 24 h. (B–D) Papillary cells loade
cortical tubular cells in co-culture experiments on plastic dishes. Staining for cholesterol usin
epithelia (red) and papillary cells (green and red) interact closely on plastic dishes irresp
papillary cells. (C) Papillary cells grown 10 days in collagen gel cultures stained for nestin an
red) grown in collagen gel co-cultures interact and form tubulo-spherical structures with h3.5. Puriﬁed human CD133/1+ papillary and cortical cells, but not tubular
epithelia, integrate with developing mouse tubules in heterotypic,
metanephric organ culture
CD133/1+ cells were immunopuriﬁed from isolated cortical or
renal papillary fractions as described in Methods 1.2.1. The immuno-
puriﬁed cells were expanded in culture without passage and
individually microinjected into multiple, isolated E12.5 developing
mouse kidneys (Fig. 6A). Cortical tubular epithelia and sham injected
kidneys were used as controls. The papillary CD133/1+ cells readily
underwent tubulogenesis and were seen intercalated in the lectin-
stained tubules of the developing mouse kidney in all three kidneys
examined with multiple injection sites/kidney (Fig. 6B, top two
panels, human cells red, mouse tubules green, arrows denote tubule
embedded human cells). CD133/1+ cells from the cortex were also
competent to integrate into the developing tubules (Fig. 6B, lower two
panels, arrows denote tubule embedded human cells). The integration
within tubules can be most clearly seen by stepping through
sequential optical sections of the whole mount kidneys, which is
simulated in Supplemental movie 2. Non-sorted cortical cells
consisting largely of tubular epithelia did not integrate into tubules
and were seen primarily in the interstitium (Supplemental Fig. A.2).
An orthogonal x–z view (bottom panel of Supplemental Fig. A.2A)
shows that the human CFDA-labeled cells (red) can be seen to clearly
lie outside thewall of themouse kidney tubule (green). Sham injected
kidneys underwent normal tubular development suggesting that
injection did not alter tubulogenesis (Supplemental Fig. A.2B). To
further conﬁrm the identity of the CFDA-labeled cells as being of
human origin, we also stained for HLA class I and CD133 (Supple-
mental Fig. A.3).4. Discussion
We identify a previously uncharacterized population of cells
expressing stem cell markers that are prevalent within the papilla of
human kidneys where they localize to Tamm–Horsfall positive loops
of Henle and distal tubules. The two key stem cell markers, CD133 and
nestin used for initial characterizations are both established markers
of kidney progenitors both in development and adult tissues.
However, rare CD133+ cells (~1% of population) have thus far only
been fractionated from human kidney cortex and glomeruli, and
nestin expression has been previously reported only in adult human
podocytes [22,38,54,55]. Interestingly, nestin is reexpressed during
tubulointerstitial and ischemic injury and leads to cell migration
toward the cortex [53,56,74]. Increased nestin expression is also
critical for mesangial cell proliferation and the production of new
podocytes [75]. What is perhaps most notable about the human
papillary progenitor cells that are dually CD133+ and nestin+ is that
they are extensively intercalated in tubules where they reside
between tubular epithelial cells. In contrast, the CD133+ cells
identiﬁed in the human cortex were found in the interstitium and
adjacent to glomeruli, and in rodent models CD133+ cells were
dispersed throughout the papillary interstitium and in collecting
ducts [16,21]. In transgenic mice expressing GFP-nestin, the nestin+t morphogenesis in co-culture systems. (A) CD133/1+ papillary cells were grown in the
eural stem cell medium as illustrated in the cartoon. Top row left to right shows human
-catenin (green, single slice), CD133 (red, 3D reconstruction of complete Z-stack) and
mal human cortical tubular epithelia cultured on ﬁlters above GFP-neural progenitors:
the outlined box (below cartoons) show ﬂattening of papillary spheroids when ﬁlter
d with CFDA ﬂuorescent dye (green) readily form contacts with primary normal human
g perfringolysin O (red) was used to identify all cells in the culture. (B) Primary tubular
ective of whether tubular epithelia are from the same or a different patient origin as
d β-catenin. (D) Primary tubular epithelia (red) and CD133+ papillary cells (green and
ollow cores. See supplemental movie 1 to view entire Z-stack.
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outside the tubules [56], suggesting there may be important
differences between rodent models and human kidney that need to
be further analyzed.The exquisite tubular restriction of human papillary cells expres-
sing stem cell markers is interesting in light of the facts that papilla are
relatively hypoxic and the extension of loop of Henle segments is a
late developmental event, which is regulated by EGF [16,76]. Human
1355H.H. Ward et al. / Biochimica et Biophysica Acta 1812 (2011) 1344–1357papillary cells in culture were highly responsive to EGF, a growth
factor that also plays a critical role in vivo in the regulation of loop of
Henle growth and differentiation during development [77,78].
Selective ablation of cells in the thick ascending loops of Henle
using a novel transgenic mouse model resulted in severe acute kidney
injury demonstrating the importance of this kidney segment [79].
During ischemic injury induced by cross-clamping, distal segments
normally support proximal repair, which has thus far been ascribed
only to the production of cytokines and Tamm–Horsfall protein
produced uniquely by cells of the thick ascending loop of Henle
[80,81]. In light of our ﬁndings, it may be that human loop of Henle
segments in the papilla serve an additional role as a niche for
harboring renal progenitor cells into adulthood by protecting them
from oxidative injury, yet positioning themwhere they can proliferate
and differentiate to give rise to renal tubular epithelia in the event of
injury or disease.
One hallmark of adult stem/progenitor cells is their capacity to
respond to injury and an innate phenotypic plasticity. Rodent
papillary cells were previously shown to become activated and
migrate out of papilla in an ischemic injury model [16]. The kidneys
used for our studies were deemed unsuited for transplant due to signs
of ischemic injury possibly due to the manner of death of the donors;
all died of cerebral injury or hemorrhage. Thus, it is conceivable that
the resident stem cells were activated in vivo, which facilitated their
identiﬁcation and characterization. Isolated human papillary cells
exhibited signiﬁcant phenotypic and morphologic plasticity in 2D and
3D culture. The isolated cells extensively expressed the stem cell
markers nestin, CD133 and SSEA4 ex vivo, though expression was
replaced by neural or epithelial cell lineage markers when the cells
were triggered to differentiate in serum-free medium or with the
addition of growth factors. The human cells could be clonally
expanded in xanthosine, which has been previously shown to induce
proliferation of both hepatic and mammary stem cells in vitro and in
vivo [33,34]. The ability of the human CD133+ papillary cells to form
spheroid structures is a noteworthy property shared with the rodent
stem cells isolated from renal papilla of adult rats and mice [16].
‘Nephrospheres’ expressing multiple renal transcription factors are
formed by rodent embryonic stem cells and suggest that such
structures may be a common hallmark for phenotyping renal stem
cells as it is for neural stem cells [82,83]. Finally, the capacity of the
papillary cells to coordinately form hollow spheres and new tubules in
3D collagen gel cultures and heterologous metanephric organ culture
further illustrates their differentiation potential. The data also
demonstrate that heterologous metanephric organ culture can serve
as a surrogate system for evaluating the differentiation and prolifer-
ative potential of the human cells. Coupling such heterologous culture
with newmethods for dissociating embryonic kidneys and preserving
tubulogenesis following cell reaggregation offer exciting opportuni-
ties for more rapid assessment of stem cell properties, small volume
assays and high throughput screening [84,85].
The utility of adult renal progenitor cells for organ repair and
replacement especially in the case of genetic and chronic kidney
diseases must be considered in the context of parallel advances in
regenerative medicine. In early experiments bovine ﬁbroblasts
subjected to nuclear transplantation were seeded onto polymer
tubes ending in dialysis bags and implanted into cows for three
months [2,86]. This renal device was shown to allow renal cell
differentiation complete with glomerulus, tubular segments and
vascularization and to produce a yellow urine-like ﬂuid. More recent
studies used a decellularized rat kidney as a scaffold and demon-Fig. 6. Human CD133/1+ adult renal stem cells incorporate within tubules of metanephric or
1500cells/site CD133/1+ human kidney cells from the papilla or cortex using capillary pip
Human cells were prelabeled with ﬂuorescent CFDA to allow tracking (CFDA, pseudocolore
stained with ﬂuorescent peanut agglutinin (pseudocolored green) and imaged with a tw
movie 2 for view through entire Z-stack.strated that mouse embryonic stem cells effectively reformed
glomeruli, tubules and vasculature on this template [87]. There has
also been progress in developing technologies that promote embry-
onic and adult mesenchymal stem cells to form kidneys de novo in
specialized culture systems or in vivo [88,89]. Thus, there are
increasing opportunities to test isolated embryonic and adult renal
progenitor cells for their capacity to reconstitute kidney function.
In sum, we provide evidence for a renal progenitor population in
human renal papillary loops of Henle with the capacity to differentiate
into neural- and epithelial-like lineages and to undergo tubulogenesis.
The cells may serve in kidney repair or could be useful in combination
with organ replacement strategies using artiﬁcial templates or special-
ized culture systems that are in development in other laboratories.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbadis.2011.01.010.
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